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THEPR9BLEkOF THEHELICOPTER

EdwardP. Warner.

‘Theideaofusinga propellerrotatingabouta verticalshaftto
giveliftandto sustainaweightby balancingitdirectlywiththa
thrustisalmostas oldas thescrewpropelleritself,anitheelements
of thetheoryoftheactionof a liftingpropellerhavebeenunder-
stoodforat leastfifteenyears,Unfortunately,however,theprinted
discussionsof thistheory are al~sf all inFrenoh,&3rman,or k&
ian,d thosewhich axe available inEnglisharemostlycontainedin
advancedtreatiseswhicharenotlikelytofallintothehandsof the
casualstudant.A vastrJumberofhalicoptarshavebeeninvented,
manyhavebeenbuilt$ad a very,veryfewhavebeensuooessfulup to
thepointofraisingthemselvesfromtk ground.Thapossiblead-
vantagesofthahelicopterareObViOIM, a machinewhichoanrisaand
descendvertically,andwhichrequiresno largespaceoverwhichto
runbeforetakingoffandafterdescatiing,manifestlybeingmorevse-
ful,otherthings,beingeq~l, thanthepresenttypeofairplane,
lt iSregrettablethattheinventorsofdire~t-liftaircrafthave,in
~ny instances, seen only these possiblegainsandhavefailed-to
considarfullytheproblemwhichtheyhavetomeetcmtofamiliarize
themselveswiththefeenta~ theoryonwhititheactionofevery
helicoptermustbebased.Itisfelt,therefore,thata broadsurvey
of theproblamwillbeofuseinma,ki~vcle~ thenatureof someof the
obstacleswhiohhavepraventedmy helicopterfromreachingthestage
ofpractimlusefulnessasyetam mayleadtoa savingof someof
thetimeandmoneywhichxe conat~tlybeingsquanderedon attempts
to demonstrate anew facts which are alreadyperfectlywellunderstood
withoutintheleaststriki~at therootof theproblem.

Thetrucesof theWlicopterq~stion~e thasecuringof thenec-
essaryliftto rise frm the ground,, theassuranceofa safedesoent
aftercompletefailureoftheengines,theseouri~of stabilityati
controllability,andthemaintenanceof a reasonablyhighforward
speedinthehorizontalplane;andeachof thesepointswill bedis-
cussedinturn.Manifestly,untilthefirstproblemsaresolvedsat-
isfactorilytheothersdo notriseat all,anathediscussionwill
thereforebe startedwiththequestionfundanantalto allothers,the
questionof thethrustwhichcanbe securedfroma direct-lifting
propellerandsf thespecificationsto whichthedesignofthepro-
pellermustcanfsrminorderthatthisthrustmaybe amaximun.

—
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THETHEORYOF THEDIRECT-LIFTINGSCREWPROPELLER.

Thecharacteristicsofpropellerscanbeexpressed’inseveral
differentways,butallaftheseexceptoneinvolvethespeedofad-
vance,whichiszerointhecaseofthehelicopter.Theonlyformti-
laewhichcanbeusedininvestigatingthsperformanceof thedirect-
liftmachinearethen,

Q=Qc~#D5 (2)
3

P=Pc~I#D5 (3)
d

whersT isthethrust,Q thetorque,andP thepow=, ~ Tc,Pc,am
Q= areexperimentallydeterminedcoefficients,functionsOf v/~
alme andthereforeindependentofperipheralspeed‘whenappliedtoa
hel?.copter.

Dividing(1)by (3)tofindthethrustperhorsepower,whichis
alwaysthefactorofprimaryinterest,

2-’
-F = * ‘%-‘4)

Thethrustperhorsepo~riSthereforei~erselyproportionalto the
peripheralspeed.Itfollowsthatan increaseinthepowerapplied
to a &ivenpropellercausesthethrustto increaseina smallerratio
thanthepower,as theincreaseofpowerincreasestheperipheral
speedandthiscausesa decreaseint~ thrustperunitpower. (3)
maybewritten,

P=PC ~
9

(ND)3D2 (5)

IfP andPc ~e”ass~edtoremainconstant,ND whichisproportional
totheperipheral.speed,variesinverselyasD~/3. Itistherefore
possible,bymaking thediameterof thepropellerlargeenwgh,tore-
duceNDbelowanydesignatedvalue,andsoto increasethethrustper
horsepowerwithoutlimit.

—

Sincethethrustperhorsepowerisinverselyproportionaltc ND,
theproductaf thrustperhorsepowerarxiND isa fundamentalcharac-
teristicofanygiventypeofpropellerforhelicopteruse. This
productisnon-dimensional,or,rather,itwouldbe ifpowerwereex-
pressedinft.Ibs.orkg.m. persec.,andisequaltotheratioof
Tc toPC. Themeanvalueof theproductforthepropellerstestedat
thereqwstof theNationalAdvisorykmmittesforAeronauticsat
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LelezxiStanfordJuniorUnivers~~~,*theunitsbeinglbs.perH.P.and
ft.gersec.,was819fdrpropellershavinga pitch-diamatebratio
of 1.1,984whenthatratiowasreducedto0.9,1124for0.’7,@ 1318
for0.5. Thesepropellerswerealltwo-bladed.Insomeexperiments
coniuctedat theNationalPhysicalLaboratoryin1917amaxiriiumof
1750wasobtainedwitha two-bladedpropellerespeciallydesignedfor
helicopterwork,thebladeshavinga constantangle;anditisprob-
ablethatthisvaluecannotbeverymuchexceeded.

Solving(4)forNDandsubstitutingthevalueobtainedin (5),
theexpressionforpowercormznedbe-comes,

Theproductofthefirstthreefactorsisa constantforanyfamily
ofgeometricallysimilarpropellers, assumingthemalwaystoworkun-
derthesameatmosphericconditions,andtheproductofpc and

/\T=
3

—

canthereforebeusedassnotherftiamentalcharacteristicof the
type0%propeller.DenotingthisproductbyK, andsolvingfordiameter,

,.,..

D. v
SolvingsimilarlyforN,

.
‘TJ, 5

whereK’ is equalto PC x ( ~ ● ~i=e it ~Sa~WYS desirableto
\ Gi

makeD as anallaspossibleardN as largeaspossible$otherthings
beingequal,inordexthat thehelicopte~mayoccupyaminimunof
spaceandinorderthatthegearreductionratiofromtheengineshall
notbeanylargerthannecessary,thebestpropellerforhelicopter
usewillbe thatonewhichhasthelargestvaluesofK endK1. The ‘
meanval~s of thesecoefficientsforthepropellersof severalpitoh-
diameterratioswhichk%vebeentestedat Stanfordsmetabulatedbelow, “
togetherwiththevaluesfor several propellers ofdifferentnunbers
of bides whia weredesiwedespecial~yforhelicopteruseandtested

*ExperimentalResearchonAir Propellers,H, by WilliamF. Durandand
E. P. Lesley:ReportNo.30,NationalAdvisoryL%mmitteeforAeronau- “
tics:Washington,1939.
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Propellers

Stanford,P/D= 1.1,aver~e
II P/D= 0.9,average
11 P/D= 0,7,average
n P/i)- 0.5,average

N.P,L.TypeA, 2-bladed
11 n A, 3-bladed
It n A, 4-bladed
n n B, 4-blaiM
n n C, I-bladed

K

113,600
173,mo
191,100
21’7,400

130,@o
158,mo
146,000
144,503
U57,CJW

K’/108

761
1673
24M
3773

2734
2511
1610
1401
2822

Itisclesrtb.tthepropellershavinga constantgeometrical
pitchofone-halfthediameterare,ratherstrangely,distinctly
superiortothosadesignedespeciallyforhelicopterase. Sine%
thequestionofhelicopterdesignhasreceivedonlytineslightest
attention,m windtunnelexperimentsexceptthosetabulatedabove
havingbeenruninreoentyears,thereisnodoubtthatpropellers
bettersuitedforusewithdirect-liftmachinesthananythatsre
nowavailablecanbedevised.AS

?0
basisforcomputationKmay be

takenas250,000andK’ as44x 10 . A tablecantheuh’.c.....,..,~}a~ted
showiqgthediameterandr.p.m.neoesseryto securevariousliftsper
horsepowerwithdifferentengirmpowers.sucha tableisgivenon
thenextpage. Inapplyingthetable,thepowertakn shouldof
amrsebe thepowerusedona singlepropeller.Forexample,ifa
400H.P,enginedrivestwopropellersthenecessarydisrneterof a
singlepropellerwillbefoundinthewlumnheaded200.
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PropellerDiametersinFeet. (R,p.rn.inp@entheses.)

—... — HorsePowdr. .. . : : :
:2Q:40:60:UX::

: : :
G 150 200 :300 :400: 600 : 800;1000 ;:

,.-. . . . ● ’ . .
>

:- :(77@):(5190):(M70):(360):(2m):(2450):(2mo):(1730):(140):(l22oi:(llmi:ti-
d: 5:2.06: 2.90:3.56: 4.60: 5.63:6.50:7.95.:9.19: 11.2: 13.0:14.5:
9“il@(1370):(966):(786)-]: (5CK)):(432):-(353):(306):@50): (2~j-(~
P: :5.80: 8.21: 10.1: 13.0:15.9: 18.4:22.5: 26.0: 33.8:36.8:41,1:
z~:,~:(495):(351):(286):(221):(181):(157):(128):(111):(90.6]:(78,6):(70.2):
~:% 10.7: 15.1: 18.5: 23.9:29.2:33.8: 41.3: 47.6:58.5: 67.5:75.5:
:20:(242.):(17’7-.)~(lm-}:(lOg.):(~8.~):(~.;):(62.4):(54.2)~(4402):(38-2):(3493~~

$: :36.4 :23.2:28.4 :36.7 .4. . :63.6: 73.4:90.0: 1.04.:116.:

~!so:(”~=:):(g”;);(g”;);(::’:):(;:’:);f~”:~:~;:;~);(::;6):(:*~):(~~9):(~2.A):* f. * 5 :214.:
, ~~:@.9):(30:2):(24;7):(19.1):(15:6):(13.5)i(ll.0):(91;):(7.8):(6.8):(6.1):

. .. . . 46 : 6!5.6 : 127.: 147.:1#. :208.:2.54.:294.:328.1:
24:%:(17.3)~(!?4:;)%0): (8.9):(7.8):(6.3):(5.5):(4.5):(3.9):(3.5):

.. : 60.5:91.1: 1)2.: la. ~ 3.78-:2M.: 252.:290.:356.: 411..:.4S9.:

Itisnotcorrecbtospeakof theliftingpowerofa helicopter
as itsefficiency,as is oftendone,sincea helicopterscrewwhich
ismerelysustaini%a loadin theairisnotdoinganyusefulwork.
Onlywhenascetiingisusefulworkdone,andonlyunierthatconciition
isitpropertospeakofpropulsiveefficiency.Thehelicopterexper-
imentsat theNationalPhysicallaboratorywereextendedtocoveras-
cendinganddescendingflight,anditwasfoundthatthethrustperH.P,
isalmostindependentofverticalvelocityovera widereage.Thisis
particularlytrueofdescent.Forexample,a helicopterdesignedto
barelysustain30lbs.perH.P.(ND= 44)couldascendwitha vertical
velocityof ~ ft.parmin.,iftheloadwerereducedto22 lbs.per
ratedH.P.andifthepowerwerekeptc~nstant.Ther.p.m.,however,
wouldbegreatarduringascentthanduringlevelflight,anditwould
be necessary,inordertokeeptheenginefromracingwithfullthrottle,
to useeithera variable-pitchpropellerora variable-speed.transutis-
sion. Ifno suchmechanismwereused,andifther.p.m.wereheldcon-
stant,theloadwouldhaveto bereduoedto 16 lbs.perH.P.Sinsteai
of only22,topermittheattainmentof theolimbingspeedspqcified
above.E thethrottlewereleftwideopenandthemotorpermittedto
raceuntilitstorque~S fullybalancedby theresistingtorqyeof the
propellerno reductioninloadwoul.dberequired,exceptthatthere
wouldhavetobe a veryslightinitialexcessofpowertoproducea
verticalacceleration@ starttheupwardnmtion.Oncestarted,it
wouldcontiq of itsO- accord.Itwouldnotbeposs%bleto ascend
atmuchmerethan800ft.permin.witha propelleroffixedpitch.
By varyingthepitcherdreducingtheloadtoaboutone-halfwhatit
wouldbepossibleto sustain(say15lbs.parE.P.inthaproblem
justdiscussed)itprobablywouldbepossibleto climb1,800ft.per
min.Orbetter,althoughtherearenotenou@ experimentaldatato

—
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makeitp0S6ibleto speakwithcertaintyon thispoint.

Itisusuallyassmeathatpropellersdesignedprimarilyto wx’k
understaticconditionsshouldhavethebladesectionsallsetat
thesameangletoapkne perpendicularto thepropelleraxis. This
wmld becorrectiftherewereno indraughttandit isalsoccrrect
indraughtexisting,iftheind~-aughtvei.oc~tyateveryFeintisdir-
ectly pwportiozzalto thedistancefrzmthepropelleraxis. Itcan
be shownbya combinationof themcmentumad bLade-clememttheories
ofpropelieractiontba~thj.scod.itionisrealizedw’hentheblade
hasthesamesectionalformandangleof attackat allpointsand
when,thebladewidthisLirect?.yproportionalto thedistancefrcm
thohub (i.e.,whenthebladehastheformof theseciorcfa circie).
Sucha propellerisofcourseimpossibleto M.ld, as i.t ‘would have
no strengthne.azzthehub. Itispr~bable,tiner~fo:e~thatinactnal
practicetheinc?raugtitvelocifiynearthehv.bisal-waysconsiderably
larger,inproportionto therediw,thenthatfartheroutalongthe
blade,smitheaizgl.eof settingcf th elenentsr.eazthehubshould
thereforebea littlelargershenthatof th9&eintheneighborhood
of thetip. Ina+herwords,theprope~levbladesshouldhavea llttle
warp of thesamesort= thatwhichisg5vento th~bladasofFropel-
IersintendedfordriviagairpJ.anes.Thew~p of tkebladesof lLFt-
ingscrewsshould,however,bemuchsmallerthantkatofpropulsive
screws.The3ritishexperimentsalreadymenti~n@.t!.ea3twithheli-
coptersthebladesof whichhadnowarp,andth~a~le.s~f tLablades
werevariedduringthetestswitha viewtofindingthenest.effinr
ientdisposition.Itwasfoumithattheratio-ofZ’ctoI?cwas ‘*%

!

largestfora bladeangieof ~“ fm the2-biedodpropellerand74<
forthe+1.-bladedone. Thedifferenceisaccovxkedforbythe1 gd
indraughtvelocityof themu.lti-bl.aiiedscrsw.TheproductK wa 1
Largestfor322~le of 9°forthe
4-bladed.Thebestangletoadopt
“betwe3nthatofmaximunthrustper

THESAJZETYOF RELICO-S
i i

Thegravestchargebroughtagainstthehelicopterisitslackof
meansofmakinga safedescentwhentheenginehasstopped,This
chargeisfrequentlyansweredby theinventorsandpromotersof the
direct-liftmachineswiththe”statementthatthebladeareaofthepro-
pellersactsas a parachutetopreventthevelocityofdescentfrom
risingtoa dangerousvalue,butamoment’sconsiderationwillshowthe
fallacyofthis,A parachuteof theusualtypecarriesa lGadofnot
morethan0.25lbs.persq,ft.ofprojectedarea,yetitlandsata
velocitymuchtoohightobe sde fora helicopter.Inordertopre-
ventdamageby excessivelyrapiddecelerationtheverticalvelocity
at landingshouldbekeptbelowH ft.persecond,anylargervelocity
requiringtheprovisionof shock-absorbersof considerablesizeand
complexity.bvever, theMcit5ngsafevelacitymaybe taken,tobe
generous,as 16ft.persecond.Theresistanceofa flatplatenmmal
tothewindat a speedof 16ft.persecondis0.38lb.persq.ft,,
andthiswouldaccordinglybe thelimitingsafeloadingof thepro-
pellerblades,consideredas a parachute.Sincetheareaof th pro-
pellerbladesisneverlikelyto bemore than @ of thepropeller

—
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~&scare~,theloadingcalculatedon tkwbasisof thewholeprbpsller
discwouldhaveto bekeptdownto0.15lbs.persq.ft. Tocarrya
loadof2(MOlbs.,andhavethehelicopterdescendsafelyon thepara-
chutaprincipleafteranengjnestoppage,itwmuldthereforebeneces-
sarytohavea totalpropellerdiscareaof 13,300sq,ft.,whichcorres-
pondstotwopropellerseach92ft.indiameter.Thisismanifestly
toolargetobeconsideredif itisbyanymeanspossibletodobetter.

To havethepropellerbladesgivea truepa.rachutoeffect,itwould
benecessarythatthepropellersba lookedafterthee-nginestoppedto
keepthemfromspinningaround,acti~as windmills.A possibleeJ.terna-
tivemethodistoleavethepropellersfree, permittingthemto spin,
Thedirectionofrotationtvhen actingasa wizdmillwouldbeoppositeto
thedirectioninwhichthepropellersaredrivenby enginepower,and
theleadingedgesof thesectionswouldthereforebewkt arenormally
thetrailingedges.Thepropellerwouldoperateveryinefficiently
underthiscondition,andtheliftresistingthedescentwouldthere-
forebe mall. Besides,eveniftherewereamarkedadvantagetobe
gai~edfromthisrev,srserotationasccmparedwiththeeaseinwhich
thepropellerisheldstationary,thatadvantagewouldbeofno avail
whenanengizmstoppageoccurredneartheground,as itwou3dtake
sorestimefortheforcetendingtorevarsethedirectionofrotationto
overcometheinertiaOftherotatingparts,d thepropellerwould
havetopassthroughalltheintermediatestagesofdeceleratingfor-
wardrotation,ramaini~atrest,andacceleratingreverserotation
beforethefulleffectofthespinningofthebladeswould‘berealized.
Ifthemaohinewereinitiallysolowas tostrikethegroundduring
thistransitionstageitwouldbeno betteroff,sofaras Itiiting
speedoffallisconcerned,thanifthepropellerhadbeenlocked.

Theremainingpossibilityistoprovidemeansofchangingthean-
glesof settingof theblades,andto setthem,as soonas theen-
ginestops,at sucha positionthattheypermitthepropellerto spin
around,impelledby theupwardpressureof theairagainsttheblades,
whilemaintainingthesamedirectionofrotationas thatin whichit
isdrivenby theengine.It isobviousthatthismodeofoperation
issuperiorto theone justmentioned,atia detailedanalysisof the
resistancewhichthepropellerofferstodescentwhenworkingas a
windmillwillthereforebemade. A &reatdealdependson thefric-
tional resistance,whichhastheeffectofpartialbraking,andtwu
aasunptionsas tothiswillbemadeinturn. Inthefirstcase,it
willbeassumedthata clutchisprovidedtopermitthspilottodis-
connectthepropellerfromtheengineentirely,andthat,theshaft
beingmountedon ballor rollerbearings,thefrictionaltorquecan
beentirelyneglected,Uhderthisoondition,therateofrotationof
thepropellerwillbe suohthatthemeanlineofactionof there-
actiononthebladesisparallelto theshaftof thepropeller.

v
Fig,1.
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Consideringanysingleelement,theresultant ad
andforcesareshowninFig.1. Vr isthevector
magnitudeanddirection,theresultantvelocit.v.

componentvelocities
representing,in
Sincethereisto be

no torqueineitherdir8ctiontheequationof~quilibrium

Lsinu =Dcos

enditfollowsfromthiethat,

maybe written

Sinceit isdesiredto secwethelargestpossibleliftfromeachele-
mentof thepropeller,thebladesshouldbe setat thatanglewhich
willgivethelargestmeanvalueto theproductoftheliftcoeffic-
ientandthesquareof theresultantvelocity.SinceV isfixedby
theconditionsof saaelanding,thisproductmaybewritten,

[1+m’]

Thetermin bracketsisalwayssonearlyequalto onethatitmaybe
disregarded,ti thecriticalfunctionisthereforetheproductofthe
liftcoefficientbythesquareof theL/Dratio.Thefunctionhas
itsIDaximunvaluewhentheangleofattackisapproximately6°for
mostrepresentativewingsections. Sincet@emeanarctanD/Lforthe
wholebladeofa propelleratthisangleofattackwouldbe inthe
neighborhoodof 4:5thechordof theblab shouldbe setat about~
1?5totheplaneperpendicularto theaxis. IfL/l)hasa mesmvalueof
12.5,whichcorrespondsto the assumptionjustmadewithregardto the
arctanD/L,themeanFeri~hera3speedfora verticalvelocityof 8 ft.
persec., whichhasalreadybeenshownto bethemaxiqmmsafelanding
speed,wouldbe 100ft.persea. Assuningthistocorrespondto a
sectionlyingtwe-thirdsof thewayoutalongtheblade,theperiph-
eralspeedat thebladetipswouldbe 150ft.persec.andNDwould
be 48. W’kmnthepropellerisbeingdrivenby theengimotheangle
of attackof thesectionswouldnormallybe from4°to5 , @ the
liftcoefficientwouldthereforebeaboutL@ smallerthanwhenthe
mach:neisdescendingwithoutpowerandwiththepitchreducedso
thatthepropelleractsasa windmill.Theperipheralspeedforthe
sameupwardforcewouldthereforebeabout6% gri?aterinthecase
withpowerthanin that without,andthenormalNDWuld be 51 inthe
firstcasefora propellercapableof carryingtheweightof the
machim duringdescentwithoutallowingthevelocitytoriseabove
8 ft.persec. Thiscorrespondsto a liftof26 lbs.perH.P., and
it isthereforeunsafeto designa helicoptersothatitwillnotbe
ableto sustainnormallyitsfullweightat therateofat least26
lbs.perH.P.,as onewhichhadlessliftingcapacitythanthat
wouldhavea highernormalvalueofND than51,andwouldfallwith
excessiverapiditywhenthepowerwasoutoff(itisassumedin@v-
ingthesefiguresthanthemostefficacioustypeofpropelleravaila-
bleisemployed.) TherealcriterionisthatND shallnotexceed
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51undernormalconditions,andtheloadperH.P.forwhichtheheli-
COpter shouldbedesi-d, to insuresafedescentwouldvarysomewhat
as betweendifferenttypesofpropellers)..

Thesecondcasethathastobeconsidered,isthatinwhichthere
isnomeansof breakingthetonnectionbetweentheengineandpro-
peller,andinwhichthepropelleristiiereforebvdenedwiththetask
of crankingtheengineagainstitsfrictionduringthedescent.It ●

willbeassunedthatthetotalfriotionintheengineandtransmission
is20~ofthebrakehorsepower,andalso(s9an initialassumption
theproprietyofwhichcanbe checkedata laterstageofthework)
thata 150H.P.engineisusedtotiivea propeller240ft.ind~ame-
terat5.4r.p.m. Thehorsepowerrequiredtoturntheengineover
againstfrictionwouldthenbe 30,andthetorqueappliedat thepro-
peller,rotating5.4r,p.m.,wouldbe29,170lbs.ft. ‘kkiw themean
effectiveradiusof thepropeller,as before,as beingtwo-thirdsof
themaximunradius,theforcewhichitwouldbenecessarytoapplyto
producethistorquewouldbe 365lbs. SinceNDforthepropellerjust
specifiedis21.6thethrustw~d be61 ~bs.perH.P.SIKI.thetot~
thrust9150lbs. Theratioof torque,forceto thrustwouldthenbe
.04. Writingtheequationsfortheelementsof theseforcesa.ndfor
theirratio,

dT= (LcCOS~~ 2iD=sin~)x Vrxd.A =Vr2 x dAx Lcx COs’~

x(l~tan. <tan ~),

bwhere~ = arctan D
z

dQ=(Lcsin’.X _Dccos~~) xVr2xd.A=Vr2xd.A XLc XCOS”~

Then tan(:>’.– y’) = .04 Y.— 1’-=2?3

and,sincethemeanvalueof Y wouldbevery nearly4:5,

(.x = 6?8

AllowingV, as inthefirstcase,tohavea maximunvalueof 8 ft.per
second,thelimitingmeanperipheralspeedwouldbe67.2ft.per sec-
ond,correspondingtovaluesof101ft.persecondforthetipspeed
and32ft.persecondforND. Theminimumloadcapacityforwhicha
helicoptershouldbedesignedif it istohavevariablepitchpropel-
lersbut no meansofdisconnectingthepropellersfromtheengi~ is
therefore42lbs.petH.P. Fora 150H.P.engineoneachscrewthis.
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wouldrequirea propeller138ft.itidiemeterturning14r.p.m.
Theinitialass~ptionas topropellersizewasthereforeratherwide
of thetruth,butthishasno effectontheultimateresult.The
torquefora givenpowerisinverselyproportionaltother.p.m.of
thepropeller,thetorqueforcefora giventorqueis inverselypro-
portionaltothepropellerdiemeter,andthetorqueforceperhorse-
powerthereforevariesiuverselyasND. Sincethethrustaso varies
inverselyasND,theratiobetweenthetwocomporxmtsof the reaction *
isquiteitiependentoftheinitialassumptionas tothepropeller
sizeendspeed,andtheproblemcouldbe treatedina perfectly’gen-
eralwaywithoutmakinganysuchassumption,butitsimplifiesthe
worka littletoinsertsateconsistentsetoffigures.

Inordertokeepthepropellerrotatinginthsoriginaldirec-
tionandat themaximuneffectiveness“whenithastoturntheengim
andtransmissionover,themeanchordofthebladeswouldhavetobe
se%at -1°to theplanepa~endiculsrtothoaxis,insteadOfat
~l?5as inzhecasewherethereisnofrictionaltorquetocontend
with.

HORIZONTALTRAVZL.

Themost~ortat questionremainingtobediscussed.hastodo
withthepossibilityofprogressingata satisfactoryrateina hori-
zontalplane.TCIbe sure,ithasscmetimesbeenproposedtousecap-

● tivehelicopterstodotheworkforwhichobs=xvationballoonsexe
nowused,buttheiruseforthatpurposewouldneverkeveryexte~
siveunderanycorxiitions,andthe‘helicoptercannever~ considered
a practi~ possibilityunlessit iscapableofmakingheadwayagainst
ordinarystrongwinds.

Thereaxetwomethodsfrequentlysuggested
forsecuringa propellingforceina helicop-
ter. Themostcomnonlyproposed,andthe
onewhichislikelytobemostsuccessful, ?-
entailstheinclinationoftheaxissothat
thethrustmayhavea horizontalcomponent. 7

,/

3Y
Thesecond,whichwillnotbe discussedin
detailinthisreport,dependson theuseof
subsidiarypropellerswithhorizontalaxes
forpropulsion,thetransmissionbeingof \ gJ~

a

“L ~

sucha typeastopermitofthedistribution‘“ “ ‘ .’ ~
of theenginepowerbetweenthesustentati.ve-“ .
andpropulsivescrewsinanydesiredpropor-

.

tion. Thisschemeentailsconsiderable —> g
structuraldifficulties,therequisite
beingpracticallytwotransmissionsof
infinitelyvariablegearratiodrivenfrom ;’a singleengineamiremainingcontinuously
inengagementwhiletheratioisbahg changed. w
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‘lheforcesactingon a helidapierwithinclin.~axisareshown
inFig.2. Themethodofthrowingthemachi~ intotheinclinedposi-
~ux neednotbe consideredatpresent,norneedthemomentswhich
tendto increasetheinclinationortorestorethehelicoptertoa
verticalposition,as thesewillbe takenup separatelyina later
sectionof thereportin connectionwiththegeneralproblemsof sta-
bilitysM control.Theeq~tionsofequilibriumforsteadyhorizon-
taltravelare

T COS@ ;Y sine .W

T sine -Y cos~ =R

Theangleof inclinationwhichthemaohineassumesdependson
thecharacteristicof thepropeller~ on thestructuralresistance.
Itcanbestbeapproximatedbyexaminingtheconditionsunderwhich
a propellerwouldworkwhenexposedtoa windat rightsinglesto its
axis(i.e.,at90°yaw).6ometestsunderthisconditionweremade
byRiabouchinskyatKbutchino in1906,andtheresultsaresumarized
byM. Seein ‘LesLoisExperimentalesdesHelicesAeriennes,llbutthe
resultsaresosurprisingin somerespectsthatit isdifficultto
givethementirecredence, especiallyas theexperimentswereperform-
eu intheveryearlysaysofaerodynamicalresearch,whenmethodsof
measurementwererathercrude.Ifa propellerispresentedtoa wind
ofvelocityat90°yaw,thevelocitywithwhicheachblademeetsthe
airvariesbetweenzfipfi ~VandZ3Pfl-V. Thea~le ofat-
tackalsovariessomewhatdurirgtherevolution,astheindraught
mustbeMarlyconstant.Theangleof attackisobviouslyIsxgest
whenthespeedislargest.Neglectingforthemomentthevariation
inangleofattack,anddesignatingthemaximumandminimmspeedof
thebladesbyV1 andv2,respectively,itis seenthatthe ratioof
T to Yat theinstantwhenthelineof thebladesisperpemiicul.sr
to thedirectionof thewirid,andsowhentheeffectoftheyawisa
maximum,is

Thisisapproximatelyequalto

. VIZ+ V22
6x

V12 - V22 .

negligibleby comparisonwithv12,
isprobablyin theneighborhood
ratiois sustainedunchangedwhen

Forhighspeedsof advanceV22is
andtheratioofT to Y therefore
of6. Ifitbeass~edthatthis
theaxisis slightlyinclineditappearsthatan inclinationofabout
100WotidbenecessaryinorderthattheresultantofT andYrrtight
beverticalwhenthehelicopterwasadvancingrapidly.This,ho~ver,
isnotsufficient,asR isyetto beovercome.Thetotalresistance
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offuselage,propellershafts,aEUstructure(notincludingtheFro-
Fellers)at60m.p.h.shouldnotexceedone-twentiethoftheweight
ofthehelicopter,andtheadditionaltiltnecessarytooverccmethe
resistanceat thisspeedwouldthereforebe3°,makinga totalof13°.
Theangleofyawis then77°.

Unfortunatelytherearenodataavailableforsuch~les ofyaw
as this,Riabouchinsky!sexperimentscover(notentirelysatisfac-”
torilyinthelightofmodernpractice)thecaseof90°yaw,andthe
onlyothr experimentswhichhavebeenpublishedaresanemadebythe
N.P.L.onpropulsivescrewsatanglesofyawup to25°. Theworki%
conditicmsofpropellersat smallanglesof yawandthoseat 90°are
entirelydifferent,andit isdifficultto interpolatebetweentwo
setsofexperimentssodiverseas thosejustmentioned..At90°yaw,
aahasjustkeenpointedout,theangleofattackisalmostindepend-
entof the rateof advance,andthet~t increasessteadilyas the
speedofadvanceincreases.Mn thereislittleornoyaw,on the
otherhand,therateofadvancehasan importantanddirecteffect
on theanglesofattackof thebladeelementsandthethrustfalls
offrapidlywithincreasingspeed.Inorderthata helicoptermay
be suitableforuseinallordinaryweatherconditionsitmustbe
capableofmaintaininga forwardspeednearlyorquiteequalto the
tipspeecfofthepropellers.Thisisquitehopelessifthethrustis
tofalloffrapidlyasthespeedincreases,ad not eventhe.provis-
ionofa variablepitchpropellerwouldmakeitpossibleto secure
sustentationandpro@sion athighspeedsundersuchconditions.
Itispossible,however,thatwhentheinclinationof theaxisfrom
theverticalisonlytenorfifteendegreestherateofchangeof
theangleofattackwithchangingspeedwillbe snailenoughsothat
highspeedscanbeattained.Thisisa pointwhichcanmosteasily
be settledbywindtunneltestsonpropellersat anglesof yaw
rangingfrcm60°to 90°,@ suchtestsshouldbeundertakenas
sum aspossible.

Thedissymmetrybetweenthebladeswhenthehelicopterisd-
m.ncing,resultinginoneor morebladescarryingmorethantheir
shareoftheloadat anygiveninstant,makestroublestruct~ally,
bothbecauseoftheincreasedmaximumstressesinthepropeller
bladesandbecauseofthelargebexxiingmcrcentproducedin thepro-
pellershaftandframeof thehelicopter.Thisbendingmomentcan
bestbe takenbyplacingonepropelleraboveanotherandkeeping
themas closetogetheraspossible.Thebendingmomentsinducedby
thetwopropellerswillthenbeoppositeandwillneutralizeeach
otherexceptinthesectionof sheftbetweenthepropellers.The
placingof onepropellerin theslipstre~of theothermay-e a
littletrouble,at times,in theeq..izationof torque,butit
shouldbepossibleto overcomea~ difficultyof thatsortbyproper
adjustmentof thebladeangles.

Iftwo-bladedpropellersw=reusedtherewouldbelikelyto be
sometroublewithvibrationof thestructurewhenaivancinghorizo~-
tallyifthepropellerswerenotperfectlysynchronized,as thetotal
momentaniforceduetoeachpropellerwouldvaryduringtherevo~U-
tion. Y,forexample,asalreadynoted,wouldbeatamaxi.munwhen
thelineof thebladezes wasperpe~i- b thelineof motion
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of thehelicopter,andwouldbealmostzerowhenthosetwolineswere
parallel.By usingpropeller~.withfouror morebladesallthese
tiiffisultiescanbeavoided.

STABILITY~ CONTROLOFTHERELZCOPTER.

Thestabilityof the~licopterisdependenton thefinaction
of thepropellerazxiofanysurfaceswhichmaybeexposedin theslip-
stream.AS longas themachineisneitherascerdir~or descending,
theprimaryeffactofanyinclinationof theaxisfromthevertical
istoproducea horizontalcomponentof thethrust.Thiscausesside-
slipping)which,inturn,causesthepropellerandanyfinsurfaceto
be subjectedtoa lateralforce. Ifthecenteroffinsurfaceis
abovethecenterof gratitythelateralforcegivesa rightingmoment.
bntrolcanbe securedbyadjustablesmface~pla~d abovethe(LG.
ifthedampingoutofoscillationsas soonas they we startdii iS the
OIIQ consideration.Thedynamicalstabilityofhelicopters,or the
rapiditywithwhichoscillationsaredampedoutwhenoncestarted,
&$ beenthoroughlyinvestigatedbyprofessorIi.Batemanina report
soonto bepublishedbytheNatio- ~visory c~ittee forAeronautics.

Whenthe helicopterismovingtheconditionsaremateriallyal-
tered.Whenmovi~ horizontallytheforces~e as showninFig.2,
theaxisbeinginclined,anithereisa moment,.dustoY,tendingto
returnthehelicoptertoa verticalattitude.A finsurfaceabove
theC.G.thenhaslittleorno controllingeffect,as theforceon
itisalwaysinthesamedirectionasY andR. A smallmomenttend-
ing to holdtheheli~pterinitsincli~dpositionC= be securedby
$ettiQgthecontrolsurfaceabovethe(LG.nearlyhorizontal,butthis
wouldbeveryineffectiveifthehorizontaltranslationalvelocity
weremuchmorethantheslip-streamvelocity.Byplacinga finSW-
facelowdown,on the otherhand,q desiredmasme ofcontrolcarl
be secured,butonlywiththeaccompanimentof somestructuraldisad-
vantages.Sucha surfacewouldbe sethorizontallywhenitwasde-
siredtohover~tiotiess,andwo~d ~ inclinedat azIangleto the
horizontalinordertogoahead.Onceforwardmotionwasstarted,
thesurfacecouldbe setverticalandthispositionwouldcorrespond
to themax-$m~~mentatiuttheC.G.,tothemaximuminclinationof
thepropelleraxisforequilibria,ardsoto themazinnznforward
speed.As alreadymentioned,thereareconstructionaldifficulties
inthewayofplacinga controlsurfacefarbelowthecenterof
gravity,mostof theweightbeingconcentratedina carwhichshould
beas closetothegroundaspossibletosavelafi~ gearweight
andresistance.ltmaybepossibletoarrangethe~ntrolsurface
in twoparts,oneaboveandone-belowtheC.G.,andtoprovidemeans
offoldingup,justbeforetouchingtheground,thefrmneworkwhich
carrzesthelatter,sincethehighcontrolsurfaceissufficient
duringverticaldescent.

—

Duringascentanddescentthestabilityismuchthesameaswhen
stationary,exceptthatanyinclinationnowchangestheangleat
whichthepropeller,meetstheair, anda lateralforceistherefore
setupat once,beforethehelicopterhasmovedlaterallyoutof its
verticalpath; Inthecaseofascentthisforcetendsto increase
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thedeviationfromthevertical,itithe
it’(alwaysassumingthepropellerto be

caseofdescent”tode&et@e
abovetheceate$d gi%vity).

To securestabilityduri-~~ climba largefins~faceplacedfar
belowtheC.G.ofthemachinewuIcibenecessary.Sucha fins=-
facewouldoperateratherinefficiently,as theinclinationof the
axisproducesa changeindirectionof theslip-streamwhichwould
partiallycounterbalancetheeffectofthepresentationof thefin
surfaceatanangletotherelativewindduetotheupwardmotion
of thehelicopter.ItWuhd beadvantageous,fromthestandpoint
of stabilitywhenrapidiyascending,tohavethefinandcontrol
surfacesoutsidetheslip-stream,andthismightbepossibletoar-
rangeinthosehelicopterswhichhavetwopropellersinparallel
androtatinginoppositedirections.Partof thefin surface
couldthenbeplaced,betweenthe two slip-streams.Itwouldnot
be safetoputitallthere,astherewouldthenbenocontrol
whenpoisedmotionless.Inshort,thereisno sin@edisposition
offinsurfacewhichsatisfiesallrequirements,butitisabso-
lutelyessential,ifa helicopteristotravelhori~ontally,that
therebeencughfinsurfacelowdown,tobringthecenterof
lateralresist-e ~1~ belowthecenterof gravity~d thatthe
inclinationof thissurfacebevariable@er thecontrolofthe
pilot.

—
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Someadditionalexperimentson thethrustandpowerconstanp-
ofpropehers wnrki%~underStaticoonditionshaverecently
carriedoutbyMessrs.LesleyandSnyderat theStsnfordUni-

versitywindtunnel.A systematicinvestigationof theeffeetof
v~ing 2itch-diameterratio,thetestscoveringa fsmilyof
otherwisesimilarpropellerswithpitch-dianeterratiosrangingfrom
0.1to1.3,showedthatthelargestthrustperhorsepowerfora
&i??enper.ipherslspeedwasobtainedwitha pitchof .32timesthe
d&meter. ThemaximumvalueofIicorrespondedto‘aratioof .6,
andthemaximunofK1 tooneof .5. Ina similar.setof testson
propellerswithunwarpedbladessetatvariousanglesthehighe$t
thrustperH.P.wasobtainedwithan angleof6°,thebestvalue
ofK with15°,@ thelargestK’with12°. Innoneof thesetests
werethevaluesfor anyof thecoefficientslargerthanthoseal-
readyreported.A propellerdesignedbyR. Jacuzzi,especially
forhelicopteruse,h@ Keqti to 122,0~@ Ki 3880x 108.
Thelatterfi~e iscloseto a re~rd,@t theformerisrather
poorascanparedwiththebestof theconstantpitchpropellers.
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Duringthewinterof 19~%2~standingthrustandpowertests
forairpropellerswereconductedat theSanfordUniversityAero-
dynamicLaboratorybyMr. HowardO. Snyder,a graduatesttientin
MechanicalEngineering.

h thesetestsoneformof twoblade-propelleronlywastried.
Thiswasthenarrowcurvedandtaperingformwithuniformgeomet-
ricalpitchandnon-cembereddrivingfacedesignatedaSp~F2 Al S1
ihReportsNo.14 and30,NationalAdvisoryCormnitteeforAeronautics.

Inadditiontore-testingthepropellersthathadbeenal-
readytriedthreeadditionalpitch-diameterratios,.1,.3=d 1.3
wereinvestigated,makinginall7 propellersvaryinginpitchratio
from.1to 1.3by incrementsof .2. Theresultsof thesetests,
reducedtocoefficientsoftheformusedbyMr.Warner,areshown
in theaccompanyingFig.1.

Inthec%rvesas shownTcamdP=arenon-dimensional.~ is
I?c

multipliedby 550inordertomakeitcomparableto thecoefficient
usedbyMr. Warner,inwhichthrustisexpressedinpo~s and
power inhorsepowerinsteadoffootpoundspersecond..

ThecoefficientsKand K1werederivedin thesamemanneras
Mr.$iazzerts.

Asmaybe seena sommdmthighervalueofTc wasrealizedfor
the.3pitchratiopropellerthanfortheoneof .5pitchratio.
However,thecoefficientsK andK1 arebothconsiderablylessfor
the propellerof smallerpitchsothattorealizethesameliftwith
theequal~owera largerpropellerrunningata slowerspeedwould
be reqyired,makingonthewholethe.5pitchratiosuperior.

*
&sidestheforegoing,testsweremadeonaflat or non-warped

bladepropellerof thesanecontour, area,andsectionasF2 Al SI*
Thebladeswerefit$ed.intoa sphericalhubprovidedwithmeans
foradjustingthemtovesiousangles.Theresultsof thesetests
areshownin theaccompanyingfigure2.

Theserecentexperimentsindicatethat,regarding550 ~
Pc

asa

measureofefficiency,practicallythesamemayberealizedfrom
thenoz&warpedbladeas fromoneofuniformgeometricalpitch.fiw-
ever, asMr.Warner~ pointedout,itisnotenoughtoattaina
highvaluefor 550 & . It isabo necessary,inordertokeqp

Pc
thediameterreaso~blymall andtherAteofrevolutionshigh,tO
securelargevaluesof thecoefficientsK andK1.

,

Testsat Stati6rdUniversity~na twobladepropeller6 ft.in
diameterandakut 1 ft.~minalpitch,desi~edforhelicopteruse
byR. JacuzziofBerkeley,California,in1918,determinedthefol-
lowingcoefficients:
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Tc = .0382

Pc . .0118

550 Tc = 1785
P=

Kc 1220CQ

K1/108 = 3880
550‘1~Althoughforthispropsller—

Pc
islarger

tesredtntheStanfcrdLalxma@vy,K endK1 are

thanforaayother

rd.ativelysms.11.

TorealizeWj.tht~s propellera liftof30 lbs.perhor$epower
at sealevelairdensitywith200horsepowerinput,a diameterof
nearly97feet,aniabout37 r~volutionspenmhu%e wouldbereq~iredi
whereaswiththe.5pitchratio blade th3 sam liftandpo-.mrinput
couldbe securedwillha propeller72.5fGetindianeterr-iW
at 3’7.5r.p.n,

TheformoftheTc curveforunifcrmpitchpropellers~t~en
pitchratiosof .7snd1.3issomewhatsurp:isi%.-~Peat3a‘e~ts
havedeternh=ditssubstantialaccuracyhowever, thedottedlzne
showingtheres~tsof invest~gationsOna similarseriesofPr~-
Pellersofdifferentbladecontouxandsectionbutofapproximate~Y
thesamearea.

w.F. Durand.

StanfordUniversity,April 3, 1920.
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